Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease characterized by the degeneration of upper and lower motor neurons. A major neuropathological finding in ALS is the coexistence of glial activation and aggregation of the phosphorylated transactive response DNA-binding protein 43-kDa (pTDP43) in the motor cortex at the earliest stages of the disease. Despite this, the transcriptional alterations associated with these pathological changes in this major vulnerable brain region have yet to be fully characterized. Here, we have performed massive RNA sequencing of the motor cortex of ALS (n=11) and healthy controls (HC; n=8). We report extensive RNA expression alterations at gene and isoform levels, characterized by the enrichment of neuroinflammatory and synapse related pathways.
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by the degeneration of upper and lower motor neurons leading to progressive muscle weakness, wasting and paralysis that result in death within a few years from disease onset. The aberrant cytoplasmic aggregation and phosphorylation of the 43-kDa transactive response DNAbinding protein (pTDP-43) represents the main pathological hallmark in the majority of ALS cases at postmortem evaluation and is known to occur in a sequential manner beginning in the motor cortex (1) . Although the causes that lead to non-genetic forms of ALS (sporadic ALS) have yet to be fully determined, the presence of neuroinflammation is a consistent feature in the central nervous system of affected subjects (2) . Microglia are resident macrophages that belong to the immune system of the central nervous system (CNS), where, as a result of disease conditions, change their gene expression profile to adapt and acquire a reactive state (3) . Recently, a study using single-cell RNA sequencing of brain tissue from an ALS mouse model reported that a specific microglial subpopulation, known as disease associated microglia (DAM), was the cell-type responsible for ALS-related microgliosis and that is enhanced by triggering receptor expressed on myeloid cells 2 (TREM2) (4) . In support of this scenario, some chitinase proteins, which are known markers of microglial activation (5, 6) , have been consistently shown to be increased in the cerebrospinal fluid (CSF) of ALS patients (7, 8) .
The pivotal role of TDP-43 and other genes known to cause ALS (such as FUS, hnRNPA2B1, hnRNPA1, TAF15 or TIA1) in the metabolism of RNA has implicated RNA dyshomeostasis as another crucial event in the pathophysiology of the disease (9) . A comprehensive signature of transcriptional changes in the most affected ALS brain region is needed to further our understanding of this process. In this sense, an unbiased resource to obtain a comprehensive signature of gene and isoform expression changes associated with the whole tissue response to disease conditions is total RNA sequencing (RNAseq) in bulk tissue. Furthermore, the advent of novel sequencing tools such as single-nucleus RNAseq (snRNAseq) has opened a new window to better explore the transcriptome at a cell level, and has unraveled a complex and wide variety of human cell types with unique expression profiles in the human brain (10, 11, 12) . These transcriptomic signatures can be applied to perform cell-type deconvolution of bulk RNAseq data using novel deconvolution methods. These methods take into account cross-subject and cross-cell variability of gene expression profiles, without relying on preselected markers, thereby providing more realistic cell-type proportion estimations and yielding crucial information about the cellular heterogeneity that is associated with a pathological condition (13) .
The brain motor cortex is affected at the most early stages of the disease and is one of the most vulnerable regions in ALS. That being said, studies of this critical region both at the transcriptional and immunohistochemical level are lacking. In the present work, we aim to characterize the motor cortex of sporadic ALS cases through total RNAseq analyses. We also employ cell-type deconvolution using human snRNAseq data as reference and immunohistochemical analyses in order to resolve a signature of neuropathological changes associated with ALS in this vulnerable brain region.
Material and methods

Human samples
Human motor cortex (Brodmann Area 4) samples were provided by the Neurological Tissue Bank (NTB) of the Biobanc-Hospital Clínic-IDIBAPS. Clinical and neuropathological information of all ALS cases and healthy controls (HC) was carefully reviewed using data provided by the NTB. None of brain tissues presented any infarcts in the motor cortex. All ALS cases were clinically diagnosed with ALS, according to "El Escorial" criteria during life (14) , had no family history of ALS or dementia, did not show any sign of cognitive impairment and presented pTDP43 inclusions in the motor cortex at postmortem examination.
None of the samples presented the Samples carrying the C9orf72 hexanucleotide repeat expansion or mutations in the TBK1 gene, the most common adult-onset ALS gene mutations in Spain (15, 16) .
RNA extraction and sequencing
Using a mortar and liquid nitrogen, the tissue (60 mg) was grinded to powder and transferred to a solution of 600µl of TRIzol reagent (Thermo Fisher Scientific6). Standard recommended procedures were followed to extract RNA with TRIzol, the RNeasy mini kit (QIAGEN) and the Rnase free Dnase Set (QIAGEN). Qubit was used to measure RNA concentration whereas RNA integrity (RIN) was verified on an Agilent 2100 bioanalyzer (Agilent Technologies).
Only samples with quantity threshold of 5 µg and RIN ≥ 6.5 were used for total RNAseq. The final study group included 11 ALS cases and 8 HC ( Supplementary table 1 ). Paired-end sequencing libraries were prepared using the TruSeq Stranded Total RNA Library Preparation kit (Illumina) and sequenced on the Illumina HiSeq 2500 platform by the "Centro Nacional de Análisis Genómicos" (CNAG; Barcelona, Spain) with 101bp paired-end reads to achieve at least 100 million paired-end reads for each sample (ranging from 103.447.000 to 138.990.000 paired-end reads).
Data availability
Raw sequencing data (FASTQ files) have been deposited at the European Genome-phenome Archive (EGA), which is hosted by the EBI and the CRG.
Data processing
FASTQ files were aligned to the Grch38.p12 genome assembly using STAR v2.6.1a (17) . In order to detect genetic variants, GATK Best Practices (18) for variant calling in RNAseq were followed. FeatureCounts (within the Subread v.1.6.2 package (19) ) was used to assign fragments to each gene feature included in the Grch38v94 gene transfer format file. For differential isoform usage, STAR v.2.6.1a was used in "quantMode TranscriptomeSAM" mode and the output processed by Salmon (20) to obtain isoform expression values. Both differential gene expression and differential isoform usage analyses were performed using DESeq2 v1.24 (21) . Gene ontology and KEGG pathway enrichment analyses were applied using default parameters (minimum overlap=3, p-value cutoff=0.01 and minimum enrichment=1.5) in Metascape 3.0 (22) (http://metascape.org). Synaptic enrichment analyses were also run using the web server SynGO (https://www.syngoportal.org/), which provides an expert-curated resource for synapse function and gene enrichment analysis (23) . 
Validation of transcriptome changes by qPCR
Weighted Gene Co-expression Network Analyses (WGCNA)
Raw gene counts were filtered and only genes with a minimum of 10 counts across all individuals were kept for further analyses. DESeq2 was then used to normalize the input data to construct co-expression networks using the WGCNA (24) . The signed weighted correlation network, which takes into account both negative and positive correlations, was constructed using the manual function in the WGCNA package, using the "biweight midcorrelation", selecting a power of 7 (the lowest possible power term where topology fits a scale free network) and run in a single block analysis. Module definitions were calculated by the hybrid treecutting option with "deepsplit parameter" = 2. Minimal module size was set at 30 and modules with a cutHeight ≤ 0.25 were merged. Modules were summarized by module eigengenes (ME) and correlations to traits were performed with spearman correlation for continuous traits and Pearson correlation for binary traits (bicor and corPvalueStudent, included in the WGCNA package). Module eigengenes (first principal component as a summary of this module) were calculated for each individual and module to perform correlation analyses.
Cell-type deconvolution
The recently developed Multi-Subject Single Cell deconvolution method (MuSiC) (13) was used to perform cell-type deconvolution of our bulk RNAseq data. As a reference, we used the most comprehensive human snRNAseq dataset available. This dataset includes the RNAseq from 70.634 cells in the frontal cortex (Brodmann Area 10) of 24 Alzheimer's disease cases and 24 HC from Religious Orders Study (ROS) and Memory and Aging Project (MAP) (ROSMAP) (12) . This data file comprises 70.634 cells derived from the frontal cortex (Brodmann Area 10) grouped into 8 major cellular populations (excitatory neurons, inhibitory neurons, microglia, astrocytes, oligodendrocytes, oligondendrocyte precursor cells, endothelial cells and pericytes). In order to check consistency and validate our results, major cell-type proportions were identified using two other snRNAseq repositories as a reference.
We downloaded the medial temporal gyrus snRNAseq data derived from the Allen Brain Atlas, which includes 15.928 cells from 8 human tissue donors. We selected this dataset as it contains double the number nuclei than the primary visual cortex and the anterior cingulate cortex included in the Allen Brain Atlas (10). Finally, the third dataset included 10.319 cells derived from the frontal cortex of 4 individuals (11) . Cell-type deconvolution of cellular subpopulations was performed using the ROSMAP data as reference.
Immunohistochemistry
Formalin-fixed pParaffin-embedded (FFPE) motor cortex tissue sections of 5µm were analyzed by immunohistochemistry (IHC) (n=11 ALS patients, n=7 controls). One control sample was excluded from the analysis due to lack of availability of motor cortex sections.
The FFPE sections were dewaxed, by placing them in xylene and decreasing concentrations of ethanol, and hydrated 30 minutes in distilled water. Tissue sections were treated with a solution containing 10% methanol, 3% H 2 O 2 and PBS for 10 minutes, to inhibit endogenous peroxidase. These sections were pre-treated and boiled in citrate 1x solution to mediate antigen retrieval. Once cooled, sections were blocked with 5% bovine serum albumin for 1 hour at room temperature. Sections were incubated overnight with the corresponding primary antibody at 4ºC and then incubated with the anti-rabbit horse radish peroxidase secondary antibody 
Quantification analyses
Full-section IHC images were obtained with Pannoramic MIDI II (3DHistech). Six grey matter areas of motor cortex from each case were delimited blinded to neuropathological diagnoses. An in-house computer-based algorithm was developed to quantify densities for Iba1 staining. The algorithm-based approaches were performed with the MATLAB R2017b software (The MathWorks, Inc., Natick, MA, USA). For pTDP43 quantification, immunoreactive positive objects were quantified manually by two different researchers blinded to neuropathological diagnoses.
Statistical Analyses
Shapiro-Wilk test was used to test for deviation from a standard distribution. Correlation analyses were performed using Pearson's or Spearman's test (using the cor.test function in R), as well as Student-t test or Student-test with Welch correction (using t.test function in R) to compare means, depending on data distribution. A p<0.05 was considered significant.
Results
Postmortem motor cortex samples from 11 ALS cases (6 females) and 8 subjects without table 5 ). Figure 1 . Differential gene expression changes in the sporadic ALS motor cortex. Volcano plot displaying the significant differentially expressed genes between the ALS and the HC motor cortex. The vertical axis (y-axis) corresponds to the -log 10 adjusted p-value and the horizontal axis (x-axis) represents the log 2 fold change value. Blue circles correspond to the significantly differential genes expressed in this tudy (adjusted p-value<0.05), whereas grey circles display the non-significant genes. Gene names are shown for the ten genes selected for qPCR validation (A). Bar chart showing the relative RNA expression values in ALS and HC obtained through qPCR for the ten genes selected for validation. *p<0.05; **p<0.01; ***p<0.001 and ***** p<0.00001 (B). Gene ontology and KEGG pathway enrichment analyses obtained from the list of genes showing a significant differential expression (C).
In order to find clusters of highly correlated genes, we next performed weighted gene coexpression network analyses (WGCNA), which disclosed a total of 8 modules. Among table 6 ). Interestingly, the two inflammatory gene co-expression modules (MEblack and MEyellow) showed a strong negative correlation with the postsynaptic module (MEpink) (p=1.3x10 -4 ; R=-0.77 and p=9x10 -4 ; R=-0.69, respectively) (supplementary figure 2 ), suggesting that both inflammation and synaptic alterations are interconnected in ALS pathological processes.
To characterize the variability of cell types and compare cellular proportions between groups, we applied the recently developed MuSiC algorithm. As reference, we used data from the first and most comprehensive human snRNAseq study performed in brain tissue of subjects with a neurodegenerative disease which included 2 subjects with Alzheimer's disease and 24 HC (12) . Cell-type deconvolution revealed an overrepresentation of microglial cells in the ALS motor cortex as compared to HC (p=0.025) and a trend towards a reduction in excitatory neurons (p=0.101) (figure 2). Microglial upregulation was confirmed using two independent reference datasets: the Allen Brain Atlas and Lake and collaborators (10, 11) . In both cases, the same trend was found towards the down-regulation of excitatory neurons (supplementary figure 3 and 4) . Importantly, the estimation of major cellular populations significantly correlated between the three datasets (except for inhibitory cells, as these correlations only emerged when comparing the datasets from Lake and collaborators (11) and Allen Brain atlas (10)), thus strengthening our deconvolution-based results. To further gain insight into which microglial subpopulation might be driving this effect, we estimated the proportion of each subpopulation identified in the ROSMAP study. Our results showed that a specific microglial subpopulation (Mic1, as named in the study performed by Mathys and collaboratorsand recognized as the human DAM (12)) is disproportionately presented in the ALS motor cortex table 7 ). Furthermore, the proportion of Mic1 cells showed a strong positive correlation with the expression of TREM2 (p=6.8x10 -4; ; R=0.71), required to trigger the DAM profile, and the two inflammatory gene co-expression modules associated with ALS (Meblack; p=2.7x10 -8 , R=0.92; and Meyellow; p=1.4x10 -3 , R=0.68). A negative was also found between Mic1 and the synaptic module (MEpink; p=2.4x10 -4 , R=-0.75) ( figure 3B ), but did not correlate with the other gene co-expression modules identified in this study. Overall, our results from differential gene and isoform expression comparisons, gene co-expression modules and celltype deconvolution, strongly indicate that microglia-related inflammatory changes, mainly driven by the Mic1 subpopulation, are central in ALS pathophysiology and may be closely related to the synaptic changes that are present in the motor cortex. To further investigate our results in postmortem brain tissue, we performed IHC analyses using Iba1 to examine the broad population of microglial cells, and MHC class II as a marker of reactive microglia that is expressed in the Mic1 cell subpopulation. Positive immunostaining was increased in the ALS motor cortex for Iba1, however, differences between patients and controls did not reach statistical significance (p=0.106).
Notwithstanding , co-immunofluorescence of Iba1 and MHC class II markers revealed an increase in the number of microglial cells expressing MHCII markers in ALS as compared to HC motor cortex (figure 4), as previously described (12), strengthening our results and suggesting that Mic1 is driving neuroinflammation in the ALS motor cortex. Table 1 . Gene expression modules obtained by weighted gene co-expression analyses significantly associated with ALS. The three most significant gene ontology terms and their enrichment log 10 p-value are shown for each module. We finally assessed the frequency of pTDP43 immunoreactive structures in the motor cortex.
As expected, the density of pTDP43 inclusions was increased in ALS as compared to HC (p=0.017) ( figure 5A ). Interestingly, a high degree of variability on the number pTDP43 aggregates was noted in ALS, and was not explained by age at death, age at onset or disease duration. The burden of pTDP43 inclusions correlated inversely with the proportion of microglial cells in our group of ALS patients (p=0.016; R=-0.7) ( figure 5B) . Notably, the same trend was found with the microglial subpopulation Mic1 (p=0.071; R=-0.56). No correlations were detected with any of the other major cell types nor microglial subtypes. 
Discussion
In order to better understand the biological bases of sporadic ALS, we decided to investigate perturbations in RNA expression, one of the most prominent pathogenic mechanisms in ALS (9) , in the motor cortex of ALS patients not harboring an ALS-causing mutation, without family history of ALS or dementia and with no signs of cognitive impairment in the retrospectively reviewed clinical files. As the motor cortex is one of the major vulnerable and early affected regions in the disease, it represents a target region to disentangle key pathological processes in this neurodegenerative disorder. To date, few studies have performed a whole transcriptomic assessment of the CNS in ALS (25, 26, 27) . However, this is the first deep transcriptome characterization of the ALS motor cortex with a multimodal approach that encompasses total RNAseq, cell-type deconvolution using human snRNAseq and immunohistochemical assessments. We report a list of 124 genes differentially expressed in the ALS motor cortex which reflect the RNA expression changes in this brain region.
Among them, chitinase-related genes CHI3L1 and CHI3L2 represent two of the most prominent shifts in gene expression, whereas CHIT1 shows a nominal significance.
Interestingly, these chitinases are neuroinflammatory biomarkers which have been previously shown to be consistently increased in CSF of ALS patients compared to neurologically healthy subjects (7, 8) . These results indicate that, among the unbiased signature of RNA
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alterations provided herein, some of them might be promising biomarkers that require further
investigation.
An exacerbated innate immune response, with microglial activation as a predominant signature, has been recently shown in the ALS motor cortex (28) . Furthermore, the only study which has investigated the whole transcriptome of the ALS motor cortex suggests that, among ALS cases, a subgroup of them is characterized by a higher inflammatory response (27) . Our results also indicate that microglial-related neuroinflammatory changes in the human motor cortex are critical in the pathophysiology of this neurodegenerative disorder. First, differential gene and isoform expression data points towards an inflammatory response as a major event that is significantly intensified in the ALS motor cortex. Second, the assembly of weighted gene co-expression networks resulted in two significant modules associated with ALS (MEblack and Meyellow), both highly enriched with genes associated with inflammatory functions. Third, cell-type deconvolution of the bulk RNAseq data demonstrated an increased proportion of microglial cells as compared to the motor cortex of healthy cases. In this context, studies in mice have recently suggested DAM as the microglial subpopulation with a more prominent role in ALS (4) . For the first time in the context of human motor cortex, our results show that Mic1, the human microglial subpopulation which harbors the majority of markers found in the previously described DAM transcriptomic signature (12) , is the main microglial subpopulation which drives microgliosis in ALS and that is heavily correlated with the expression of TREM2, which is required to enhance the late and higher pro-inflammatory stage of DAM (4).
Our immunohistochemical analyses did not show a relevant increased density of Iba1 (a widely used marker of microglial processes) in ALS-related brain tissue. Previous studies have frequently provided contradictory results when using this marker to assess microgliosis (29) . This somewhat unexpected result might be explained by the fact that, whereas cell-type deconvolution is performed using a complete catalogue of gene expression profiles obtained from brain-derived snRNAseq, immunohistochemistry only uses a single marker and does not reflect the complexity and heterogeneity of this cell type, making it an underpowered method to detect differences in the proportion of cell subpopulations. That being said, we did validate the increased proportion of Mic1 cells within the ALS motor cortex through coimmunofluorescence of two markers (Iba1 and MHC class II) previously shown to characterize this microglial subpopulation (12) . Thiss finding further establishes Mic1 (the human "disease associated microglia") as the microglial subpopulation that drives microgliosis in the ALS motor cortex.
We observed a high degree of variability in the the density of pTDP43 inclusions across patients, which could not be explained by any of the demographic or clinical features available in this study. Notably, we found a striking inverse correlation between the proportion of microglial cells and the amount of pTDP43 aggregates. These results are in line with recent in vivo and in vitro studies, suggesting that although microgliosis arises as a phagocytic response to pTDP43 aggregates, at some point these cells lose their ability to clear these neuropathological insults and are downregulated (30, 31) . Whether biofluid levels of microglial markers, such as TREM2, could be used as a proxy of pTDP-43 density in the motor cortex is an avenue worth pursuing and would be a valuable addition to the biomarker arsenal for use in designing clinical trials and assessing therapeutic efficacy.
Synaptic dysfunction is an early pathogenic event in ALS (32) . Our data point towards an over-representation of postsynaptic markers and a trend towards a decrease of excitatory neurons in ALS patients. Together, these results are consistent with upper motor neuron degeneration occurring in this brain region. Recent studies in other neurodegenerative diseases have suggested that microglia is a key and early mediator of synapse loss through phagocytosis induced by the complement cascade (33, 34) . In fact, our gene expression data show an increased expression of some complement cascade related genes, reinforcing this hypothesis. Furthermore, our results indicate that the two microglial-related neuroinflammatory modules of gene expression (MEblack and MEyellow) as well as the proportion of Mic1 cells inversely correlate with the presence of synaptic markers, suggesting that activated microglia and synapse loss in the motor cortex are highly related processes in ALS pathogenesis.
Overall, our study strongly reinforces the key role of microglia and neuroinflammation in ALS, being the DAM subpopulation a key element driving this effect. The identification of specific microglial populations with well-defined transcriptional signatures will contribute to disentangle new mechanisms and novel therapeutic targets to fight against this devastating disorder.
